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Dual-Polarization Paralleled Carrier Phase Recovery
Algorithm Based on Linear Kalman Filter
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Abstract A dual-polarization paralleled carrier phase recovery algorithm with better linewidth tolerance and lower
computational complexity is presented for polarization division multiplexing and 16-order quadrature amplitude
modulation (PDM-16QAM) system based on linear Kalman filter (LKF). The symbols in first and third rings of two
polarizations are used to perform phase noise estimation. The simulation results for PDM-16QAM system with the
transmission rate of 224 Gb/s demonstrate that the linewidth tolerance of dual-polarization LKF is about seven times
of that of single-polarization LKF. The linewidth tolerance is improved to 2800 kHz from 400 kHz. The dual-
polarization LKF processes about four times symbols in one block than single-polarization LKF, which reduces the
algorithm computational complexity and enhances the real-time performance. Finally, the proposed algorithm is
verified in the transmission experiment of PDM-16QAM system with the transmission rate of 224 Gb/s.
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Fig. 1 (a) Constellation of 16QAM; (b) time evolution of carrier phases (blue line) and linear fitting of phase noise by

using the symbols in first and third rings of X polarization (red line); (c) time evolution of carrier phases (blue line) and

linear fitting of phase noise by using the symbols in first and third rings of Y polarization (red line);

(d) time evolution of carrier phases (blue line) and linear fitting of phase noise by using the symbols

in first and third rings of both X and Y polarizations (red line)
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2.2 {RIRZAEE R i

TE I PR 52 FAG S R g, R 4R 2 E AT Aol 4
[Fi] BF 220455 5 JOT 52 1 AH A7 M 75 A 25 — AN EL E (H . &
i 41 25 TB) 8 L AH A7 22 4 S AT ] A [R] B 220 75
P B A 1 1 A7 1 5 2 30 (LA ) 00 i iR 25 1)
) 5 A 25 A R

g =a —— o | ] g s (1—a),
‘M.X ‘ ‘bn.y‘
(8)
P offset :arg(qn )/49 (9

e WERSE s, o Mls, 0 0510 0 B 210 X
MY fidras EAR T C 8 Gy iR L Eig H

0906004-3



2,
¥

ot

i

n2,
¥

A 1/4MESTUZSE5MT. B o2 — 118
AR s 1] LA O A — B 8] AN A2 9 4, It DL AT
DA AR 57 W8 75 A 3 BT 5 %8 JFG 647 AR O b B 0 0%
M5 R I A A KIEE

3 P EERI T

T B UESRE W T AT M 7E VP B
T ER RN 224 Gb/s i PDM-16QAM % 4.
5L OSNR Ky 22 dB B, U 4§ 1B 5 4%
Lk 58 SR KA L R b L & 3 iR, w3/
A R TERAR T, WA O A R VEREAR L. SO R
()% v #8400 kHz B, B 4R R /R 2 0k I 2% 10

=
2

DRGSR IR A o 12 PO SOG4 26 58 39 0 18 15
52 WA N e AR R AL B AR O R .
IR PR A P 2 0 WU IS B AT 5 BE AT A DR i 2
AR R AR A L DT A R A LR A T XU
PRARSIEPAFHERR C BT UL S ik, Bl
SR B ARASL e e, 7E 283 TR 5 i A DR A HE
AR 2K, BT DL AN 2 B R A 1 O
LTI T 2800 kHz I, XU 4 R 7K 2 I8t 2%
BRI R IR I BI S DL . 5 A5 R R W e %
FERAET U AR R 28 S 8 P45 BT RE A 22 10 e Rk
JE 2800 kHz, AR T 8 4k < /K 2 98 A% LR
MR BRI T 7G4

10° 7
......................... \ H
10! f i -
| .
o<1 )
% ) &
10-2 I l071:00 150 200 250 300 350 400
} A L
[ md A A=
—é— dual-polarization Kalman+ML
103 —e— single-polarization Kalman+ML
0 500 1000 1500 2000 2500 3000
Linewidth /kHz
Bl 3 7 [ 2k B KT IO 19 5 1) 3 il 4%

Fig. 3 BER performance of PDM-16QAM system with different linewidths

U AR = 21 2 0 4 B O I R R = 108 D 2 A
fH 5 28 95 (200 kHz. 500 kHz) T, He 4 B8 B 30 B,
A EEME R R gl e an & 4 s, kb Bk
JE R P IR 2R e O 2 4 98 DL B B IR
ar F ARG (ASE) M7, SOG a8 26 98 T K 2 %
WU /N R L T ASE W S P HeK BE Bk U K R
. BTN K ERE TR
Proha e, X pr A AR & ML #E 200 kHz 2698 1

10 —a— dual-polarization Kalman+ML
(a) —&—single-polarization Kalman+ML
102
ﬁ 10-3:
m E
10
A
10
20 21 22 23 24 25
OSNR /dB
& 4

THOLT B G AR 2R 8 98 I A% DB 3R 25 R R 298
e i 1 DR A R 5 15 W LE Y ¢ AR il 26 R [R] L T Rl
Jr ik PR RE A 22 B/ . AR S N E 500 kHz
R UMl I 285 % 2 B A Y TR RE AR T R R R
T B IR R R 2 I D A B R Ak, R Rk
R X B U 9 S 2 B A Bk B T R 2R T A 2
o R 7EARL TEME B0 R x5 ik P e S D Ik R
IR 2 S AV REAT L

10°

o —

10!

102

BER

103

10

—a— single-polarization Kalman+ML
—e— dual-polarization Kalman+ML |

10

20 21 22 23

OSNR /dB

24 25

AT 56 F PDM-16QAM BER 5 OSNR X &£k, (a) 200 kHz; (b) 500 kHz

Fig. 4 BER performance of PDM-16QAM for different linewidths with different OSNRs. (a) 200 kHz; (b) 500 kHz

0906004-4



2,
¥

ot

i

n2,
¥

FAT AR IR 2 U e A R ORI 73 B oA 5 B 3R
PR ALAL T B LS Ik 4 U T BE AL BE A dR RO AT
FE5 RO R B R BA PR RE A G BE I R
B RIFAT AT 5 A RO A AR T B S
I BT AR AE T B . ik KR g
U8 A AN U % 25 R 2R 2 08 A B E S8 BLAY A K
HATAFZ BB 5 B . LY 200 kHz, {5

W EE O 22 dB I, S HR BN T iR R B (75)
I, AN T 1y B R B2 Xk 1 ol B 2k A BE S B AT K K Y
SO o X HE R B AR R R S8 D A 1 B R OF AT
AbBRASKE R 75 R IR 25 R R 2k B AR 7Y R oK OF
P Ak BEAS KR 300 BEWIAEIZ A5 1F T XU 4R /R 2
U8 U 4 () fe KIFAT A BRAT 5 A O L AR R R 2
IR AR 4 5

10° —a— dual—-polarization Kalman+ML
—e— single—polarization Kalman+ML 1

10 -
= , /
o) /

102 /

10

0 50 100 150 200 250 300 350 400

Block length M

K5 JRfTab BAT S %8S BER KR
Fig. 5 BER performance of PDM-16QAM for various algorithms with different block lengths

g g R oM

6 MIEHI R K 224 Gb/s i) PDM-16QAM
e B LW R G, KA R PO KR
1550 nm A IOE 04 (LD VE OB, i AT 35 JF
KA (AWG, S, 8195A) 77 4= 28 Gbit 1Y 4 HL
HLM5 5 3K 30 1E 28 (1/Q) A il #% 48 13 16QAM {5 %,
¥ 16QAM {555 8 1 i Bk 43 A &% (PBS) 43 5L W5 B% 1%
S H R — i AR AR, 7= 24 200 ps 1Y
FERT A 4R 2 ] (PO 43590 2 il 4 86645 5 B4

ffffff

7 28 Gbit 4-level with

TR K P 645 538 o i 3% 5 R 4% (PBO) J5 153 21 4%
B F K 224 Gb/s 19 PDM-16QAM 155, 43 WliEAT
HEETF (BTB) 1 320 km 1% 4 52 56, 748 B A a]
PRI G R I A% (VOA) FHB HLG £F UK 2% (EDFA) 3k
PR B A R e . ZE BRI , PDM-16QAM {5 %5
i 3 A 8 % 4% COBPE) J5 5 AR 4R O #4740 460
Wik KBRS 80 GSa/s W LA s P A% (B 5,
DSOZ634A) X B {5 5 47 RAE 5 2 A DSP 6 e
AT H R KR O EE 4b 52  3R e 5 L 3
WEAHAE VR RN , I Je AT RS 2R 44T

~.

g 211 PRBS \
7 EDFA \
i AWG ]
! (@) i
3dB 1I/Q1 PBS &  PBC. A |
- modulator |_ PC »\\\ ON 80 kIIl‘: X 4
9 | g P VOA
T L i, 1
, PC P o ;
time delay ! SMF i ASE source H
OBPF
§ o
o= 5]
e HEE AP
polarization —*BPD— A |2 | 5|8 |5 HEE g PRBS: pseudo random
dloverS[ty —BPD £ 5 g‘ g E 188 g binary sequence
90° hybird ElE|5|e 52 gg < SMF: single mode fiber
\ — BPD °© S é 2gld ! BPD: balanced photodetector
\ &) 7
N 4

~
________________________________________________________________

6 PDM-16QAM J£F 3 15 1% i 7 5t
Fig. 6 Experimental setup of PDM-16QAM system

0906004-5



Es i

T 5 R S R AT R 2 o i IR i 52 )
Je 0 G A5 5 3 e Rl i 4 R A 00 ol
P8GR LA 3 S5 2R 7 (o s . BT 7 ()
ATRAE X i IR 25 R Y i 4 25 22 18] 04 A 67 1 7 Al

1.2
(@ X polarization
1.0 Y polarization

0.8
0.6
04f
02

0

02

Estimated phase noise /rad

0 1 2 3 4 5 6
Symbols /10*

HHZ 2 }0.3 rad. B 7(b) 4 e AT 2 KT Ak
T D 41 25 160 (0 AR A7 22, 428 K o S 10 il 8K
85 B Ca) B Al 1B AR 3T, B AR SE 56 v 2P K iR
fHoN 10 °,

a=10"
05 a=10"

a=10"
0.4

0.3
0.2
0.1

Estimated phase offset /rad

1 2 3 4 5
Symbols /10*

P 7 Ca) XY Ml 285 A4 AH (o W8 75 Ak 8 5 Cb) AN TR 28K T 9 g 41 24 1] ) 41 5 A o 22 18

Fig. 7 (a) Estimated phase noise of X polarization and Y polarization;

(b) estimated phase offset of two polarizations with different steps

Kl 8 (a) Al (b) 43 S| R TEZL 9 29 2 100 kHz Fl
2 MHzZE 47 (BB 30 B, PR3 95 55 75 F1320 km
PRI B0 T B i R 2R 2 08 2 OBl 4 R 2K 2 g
PEASTEA RIS e L i iR R R 1], % LT SR Y
A% iy S oy 48 AR R - E AR 5 I, 0 R B8 1 ) Pk

@ o1,

RE

—&—BTB single-polarization Kalman+ML
[~ —BTB dual-polarization Kalman+ML
- =8-320 km dual-polarization Kalman+ML

—&-320 km single-polarization Kalman+ML

10-%

o= f 1
=

m t |

22 23 24 25 26 27 28
OSNR /dB

BAT 2200 s MR 2908 2 MHz I il 1 R A% A 26 X
Ben] LUAC B U 9% 7R S 8 A A AE T 20 1 dB Y
R IR R 2 UR AR BIRETR ST E
ZERANL Ul W XU IR 4548 R K 2 BRI dw AR T T
2 S A R T HLRE IR TEAR R SE I B PERE

® 10,

101
& 102
M :

10-?/-e-320 km dual-polarization Kalman¥ME—
-4-BTB dual-polarization Kalman+ML
-8-320 km single-polarization Kalman+ML

104 -4-BTB single-polarization Kalman+ML |

23 24 25 26 27 28 29
OSNR /dB

B8 W L AR AS R OSNR A28 4k ; (a) 100 kHz; (b) 2 MHz
Fig. 8 BERs of two algorithms change with OSNR. (a) 100 kHz; (b) 2 MHz

9 Sk B I R 2 2 08 U 2% ADBUIR iR S R R 2
TEIEARAE OSNR 24 dB I A [A] He K BE X R fY 15
el £ . R AR R 2R S U8 D AR 0 e RO R AT A BRAF
SR 200, WU R R =08 U A8 00 i K IR AT A
FEASELY S 700, 256 45 5L B XU P R 2R 208 ik
i 1) e R K B R B PR R R 2 B U AR Y 3.5 £
S5O ES M. R TSR P LD &9
5 BT R R I 2k B RN, BT DA S5 v B R B R LY
FrP R, URHT LD A 2R 5 /0N Bk T e S B Y
RIFATAEBAF S AR 2

5 Bt
B 5 b B 1 5 R e 9 Rl 7

100,

— ——p

—r 1

O —&— dual-polarization Kalman+ML ‘
107 —e—single-polarization Kalman+ML

.

BER
e

rrd

| ‘
[ S S e

0 200 400 660 860 1000
Block length M

9 i B 1k A 5 A R b K R B AR 1k
Fig. 9 BERs of two algorithms change with block length
o AL A R G I A IR SR R . R ST
T PERR R R 2 8 U 28 1R SR P AR S R NOAS

0906004-6



Es i

R 1) 2 AR LK B T 8 9 S O i ek | HE A
FIRUEL . WU IR A IR 2 U8 I 05 28 5 AR 62 0k 5 5 2
JE )T I PIAERY

1) g 1 R A i D 25 1) I8 7 A 62 A ] L 75 56
XX E Y fi PR A BE AT E E M AL e R AN £2
exp(—j@ofe) o PR A AT UAEAH A2 W8 75 Al T 17 a2 T A
DEE T AT o BT RAAE XA BN BE X i 4R 25
B A 2 4 D SRR A A 2 A SO
tE T

2) s AR IR S PR AR AT P ARAAG T, 2B
A Bt B WOE S 2EAT  2 BAR KT T
TS AR B AR AR BEAT AR A M P A T XA
Y fi RS B R T — 2 BRS  R MR T

TWRE R, fER %P 1T Slicer #AER, XU W 7
KRB/ EE C M C HW 8 M ST
B TR AR 0 R OR 2 AR TS 16 NS T
P, i 7E Slicer 25 B (0 2 4% B PRI T — 2.
e A 3E 2 R R 2 08k 2% EAT AR A M TS A 1 D B
A 2R R 2 2 O U A R A i IR 2 43 0 AT R
PEARAL AL T T8 5 2 B R XU 3 S K 2 B Uk 4%
(M 2 % . 2 A5 30 5 P 45 A8 T TR) B 5 i A i 4 S
BN AT EPE AR E B R ENR 1 R,
WP, P, Bk R 4 AR 0 dR K O AT A BEAS KL
N 2k 600 B} it B35 RB (P, =75, P, =300), %%
58 R A 58 A Bk B FH 28 46 FP M )4 5 19 28 0 AR 67
PR U IR 2SR 2R 2 B D 48 1 1T 5002 4% B AR

K1 WG T RR IR AL RPN E B

Table 1 Computational complexity of two kinds of Kalman filters for carrier phase recovery

Computational complexity

Operation

Single-polarization Kalman filter

Dual-polarization Kalman filter

Real multiplier

66 N+100N /P, =40400

37N +50N/P,=22300

Real adder 54N -+74N/P,=132922 30N +43N/P,=18086
Comparator 0 2N =1200
Slicer 2N=1200 N =600
Selected Topics in Quantum Electronics, 2010, 16
6 4 it

3 Ao X B AR I I IR 2 U8 D A 2 R AT 0 )
JH PR i B 285 19 455 5 ) B 8 47 4 7 M8 s Ay 1, SE B
TH B RLTERZE 2 IATAE IR, AR 44
JE SRR KR 2 B D B I E k. N
TOHUE BT 4R R R R AT AT Mk, fE 1R B R R
224 Gb/sf) PDM-16QAM 1£ i 2 52 T 43 510K XAk
PR IR 2 U Uk A8 5 B R R R = R AR AT T B
XF LU RIS 56 B iE . g BRI R R 2 R D A A L BT
P BE LA TR D RS T 7 4%, R RIKE
BT 35 AL T AEERETRT AL,
B AR B AR 1R 2K 2 8 Dk 2% e R IFAT A BRAF 5 1 A
BOE L A AR T SR S

2 % X #

[1] Jiang L, Yan L S, Yi A L, et al. Adaptive

dispersion monitoring for polarization-multiplexed
coherent optical communication systems[]J]. Y27 2%
£, 2014, 34(11): 1106006.
Fpk, ElEL, Bk, . ik AR OGRS
FYPRY HE W @ HOE I [I]. e, 2014, 34
(11): 1106006.

[2] Savory S J. Digital coherent optical receivers:

algorithms and subsystems [ J]. IEEE Journal of

(5): 1164-1179.

[3] Savory S J. Digital filters for coherent optical
receivers [J]. Optics Express, 2008, 16 (2): 804-
817.

[4] Pfau T, Hoffmann S, Noé R. Hardware-efficient
coherent digital receiver concept with feedforward
carrier recovery for M-QAM constellations [J].
Journal of Lightwave Technology, 2009, 27(8): 989-
999.

[5] Gao Y L, Lau A P T, Yan S Y, et al. Low-
complexity and phase noise tolerant carrier phase
estimation for dual-polarization 16-QAM systems[]].
Optics Express, 2011, 19(22): 21717-21729.

[6] Souto D V, Olsson B E, Larsson C, et al. Joint
polarization and joint-subchannel carrier phase
estimation for 16-QAM optical systems[]J]. Journal
of Lightwave Technology, 2012, 30 (20): 3185-
3191.

[7] Alfredsson A F, Krishnan R, Agrell E. Joint-
polarization phase-noise estimation and symbol
detection for optical coherent receivers[J]. Journal of
Lightwave Technology, 2016, 34(18): 4394-4405.

[8] LulN, LiX, FuSN, et al. Joint carrier phase and
{requency-offset estimation with parallel

implementation for dual-polarization coherent receiver

[J]. Optics Express, 2017, 25(5): 5217-5231.

0906004-7



ot # ¥ i

[9] Cao G L, Yang Y F, Wang F, et al. Extended 16-QAM systems [ C] // 2014 16th International
Kalman based polarization and carrier phase quickly Conference on Transparent Optical Networks
tracking for PDM-16QAM [J]. Acta Optica Sinica, (ICTON), July 6-10, 2014, Graz, Austria. New
2014, 34(12): 1206005. York: IEEE, 2014: 1-4.
WES, HEW, T, F. BTV REREN [13] Pakala L, Schmauss B. Joint compensation of phase
PDM-16QAM i 3 25 1 48 0% A A7 PROGE IR [J] . J62F and amplitude noise using extended Kalman filter in
224, 2014, 34(12): 1206005. coherent QAM systems [C] // 2014 The European

[10] Hou B J, Yang Y F, Xiang Q, et al. A joint Conference on Optical Communication, September

frequency offset and phase estimation scheme based 21-25, 2014, Cannes, France. New York: IEEE,
on cascaded EKF and LKF[]J]. Acta Optica Sinica, 2014: 1-3.
2018, 38(1): 0106004. [14] 1Inoue T, Namiki S. Carrier recovery for M-QAM
vk, MEW, mar, %. 3+ EKF Al LKF g8k signals based on a block estimation process with
B B0 O AR 2 A BRSO )] B2, 2018, Kalman filter [J]. Optics Express, 2014, 22 (13):
38(1): 0106004. 15376-15387.

[11] Dong Y J, Tang Y J, Ren H L, et al. Phase noise [15] Jignesh J, Corcoran B, Lowery A. Parallelized
compensation algorithm of CO-OFDM system based unscented Kalman filters for carrier recovery in
on unscented Kalman filter [J]. Chinese Journal of coherent optical communication[J]. Optics Letters,
Lasers, 2017, 44(11): 1106010. 2016, 41(14): 3253-3256.

EHE, BHESR, TFER%, & ETILBE/REIEN [16] Muller R R, Mello D A D A. Phase-offset estimation

B CO-OFDM F 4t A {7 W p #2503k (1] . o 3 for joint-polarization phase-recovery in DP-16-QAM

6, 2017, 44(11): 1106010. systems [ J]. IEEE Photonics Technology Letters,
[12] Pakala L, Schmauss B. Improved decision directed 2010, 22(20): 1515-1517.

carrier phase estimation for nonlinearity mitigation in

0906004-8



